Abstract. Arsenic is present in low concentrations in much of the Earth's crust and changes in its speciation are vital to understanding its transport and toxicity in the environment. We have used X-ray absorption spectroscopy to investigate the coordination sites of arsenic in a wide variety of samples, including soil and earthworm tissues from arseniccontaminated land, and human hair and nail samples from people exposed to arsenic in Cambodia. Our results confirm the effectiveness of using X-ray absorption near edge structure (XANES) and X-ray absorption fine structure (EXAFS) spectroscopy to determine speciation changes in environmental samples.
INTRODUCTION
Arsenic is widely distributed in the environment through both natural and anthropogenic pathways. In the Earth's crust the average concentration is ca. 1.5 ppm, with levels of up to hundreds of ppm in some rocks and shales and up to 35,000 ppm in some coals [1] . It has several stable oxidation states (-3, -1, 0, +3, +5) and is usually found either as an anion in mineral phases such as FeAs 2 , FeAsS and CoAsS, or in cationic form in the sulphide minerals, including realgar, AsS, and orpiment, As 2 S 3 . Near the surface of the earth these primary minerals can be oxidised to form simple arsenic oxides or more complex oxide phases. In rare cases the tetrahedral arsenate ion, [AsO 4 ] 3-, can substitute for silicate in mineral phases such as smectite [2] . Many arsenic compounds are highly toxic, in particular arsine (AsH 3 ), arsenite [AsO 3 ] 3-and arsenate, and although the sulfides and arsenides are less toxic due to their very low solubilities, chemical and biological oxidation processes can convert these to the more dangerous forms. X-ray absorption spectroscopy provides an ideal way to study oxidation state and structural changes in arsenic species in a wide variety of systems.
EXPERIMENTAL
The As K-edge X-ray absorption spectra were collected on Station 16.5 at the CLRC Daresbury SRS operating at 2 GeV with an average current of 140 mA, using a vertically focusing mirror and a sagitally bent focussing Si(220) double crystal monochromator detuned to 70% transmission to minimise harmonic contamination. Data were collected in a liquid nitrogen cryostat with the station operating in transmission mode for the model compounds and for the samples in fluorescence mode using an Ortec 30 element solid state Ge detector.
The background subtracted EXAFS spectra were analysed in EXCURV98 using full curved wave theory [3, 4] . Phaseshifts were derived in the program from ab initio calculations using Hedin-Lundqvist potentials and von Barth ground states [5] .
ARSENIC IN EARTHWORMS
Abandoned copper/arsenic mine and tungsten mine spoils in the southwest of England can contain up to 50,000 ppm As on a soil dry weight basis. XAS analysis of the soil shows that near the surface this arsenic is mainly in the form of arsenate. Earthworms have a particularly intimate contact with the soil, consuming large quantities and having little external barrier to the soil solution and are widely used as indicators of soil contamination. Populations of the earthworm Lumbricus rubellus Hoffmeister resistant to very high concentrations of arsenate have colonised these areas. These earthworms must have evolved a mechanism to deal with high levels of arsenic but the mode of detoxification in their tissues was not clear.
We have used XANES and EXAFS data to study the changes in speciation of the arsenic in various parts of the earthworms. These data show that the proportion of arsenate to sulfur-bound species varies within specific earthworm tissues. Although some arsenic appeared to be bound to carbon atoms in the form of arsenobetaine, the arsenic within the chlorogogenous tissue was predominantly coordinated with S in the form of -SH groups. This suggests the presence of an arsenic-metallothionein complex [6] .
ARSENIC IN SOUTHERN ASIA
The problem of As-contaminated groundwater in southern Asia, especially in Bangladesh and West Bengal, India has received significant attention worldwide. Groundwater is used not only for drinking, but also for irrigation of rice, used both for human consumption and fed to cattle in Bangladesh and India in the form of rice straw. Thus the transfer of As from soils or irrigation water to rice can amplify the health risk of As to people living in those areas. X-ray absorption spectroscopy has been used to monitor the arsenic oxidation state in sediments from Bengal and Cambodia [7] and to follow changes in speciation during microbially-mediated release of arsenic from these sediments into solution [8] .
Although there has not yet been a significant number of recorded cases of arsenic poisoning in Cambodia, the potential problem with contaminated groundwater is serious [9] . One of the consequences of exposure to arsenic is that high levels can be found in nails and hair. We have collected XAS data from samples taken from people living near contaminated wells in Cambodia. Typical XANES spectra ( Figure 1 , Table 1 ) show that arsenic is detectable, mostly as sulfur-bound species (85% for the nail and 60% for the hair) with the rest present either as arsenite or organoarsenic species, with less than 5% arsenate: the major component in the water is arsenite. The low levels of arsenic in these tissues make it difficult to collect good EXAFS data, but our preliminary analyses (Table 1, Figure 2 ) confirm the XANES results. Table 1 .
TABLE 1.
Fitting parameters for the XANES and EXAFS spectra of hair and nails taken from people exposed to arsenic. The XANES spectra were fitted as linear combinations of the four model compounds. The EXAFS fits were refined assuming a mixture of 3-coordinate As-O and 3-coordinate As-S for the hair and a mixture of 4-coordinate As-C and 3-coordinate As-S for the nail. EXAFS errors r ± 0.02 Å, 2σ 2 
CONCLUSIONS
Although the problem of As-contaminated groundwater in Cambodia has not yet resulted in the severe mass poisoning that has been seen in West Bengal, a large population has already been exposed to low levels of arsenic, leading to a significant concentration of the metal in nails and hair. The arsenic is mainly present as As(III) bound to sulphur ligands.
